Two DNA polymerases that can copy synthetic RNA polymers are present in human tissue culture cells. These enzymes which have each been purified about 500-fold, are present in both HeLa cells, which are derived from a cervical carcinoma, and in WI-38 cells, a normal diploid strain originating from human embryonic lung tissue. These synthetic RNA-dependent DNA polymerases are identified by their ability to copy efficiently the ribo strand of synthetic oligonucleotide-homopolymer complexes, and differ in this respect from the known DNA-dependent DNA polymerases found in HeLa cells. The template requirements of these new DNA polymerases resemble that of the RNA-dependent DNA polymerases of the RNA tumor-viruses.
Since the discovery by Temin and Mizutani (1) and Baltimore (2) of an enzyme that could use endogenous viral RNA as a template for the synthesis of DNA, several studies have been published concerning the characteristics of this new type of DNA polymerase.
Initially this enzyme was found in a wide variety of oncogenic viruses containing RNA (3) . For this reason it was thought that this type of DNA polymerizing activity was unique to the RNA tumor-viruses. However, different investigators claim to have shown the presence of RNA-dependent DNA polymerase (JR-DNA polymerase) activity in several types of cells (4) (5) (6) (7) (8) . None of these reports has clearly established the presence of this enzyme in normal eukaryotic cells, since the criteria used to determine the enzymatic activity are not readily accepted as unique for RNA-dependent DNA polymerases. As has been shown by Goodman and Spiegelman (9), the main difference between the RNA-dependent DNA polymerase from avian myeloblastosis virus and the DNA-dependent DNA polymerase (D-DNA polymerase) from Escherichia coli or calf thymus is the ability of the viral enzyme to use ribo polymers as templates. Thus, in contrast to the E. coli or calf-thymus DNA polymerases, the tumor virus polymerases can efficiently use oligomer-homopolymer complexes, such as (dT)12 poly(rA), as a template for thymidylic acid incorporation.
Using assay conditions similar to those described by Stavrianopoulus et al. (8) , we triphosphates, dithiothreitol, and salmon-sperm DNA were obtained from Calbiochem. Whatman microgranular DEAEcellulose, DE52, 1.0 meq/g of dry weight, and phosphocellulose, P-11, 7.4 meq/g of dry weight were obtained from Reeve-Angel. Poly(rA), poly(dT), poly(rU), poly(dT) poly-(rA), and poly(rA) * poly(rU) were obtained from Miles Laboratories, Elkhart, Ind. The oligodeoxynucleotides (dT),2-8, and (dA)2-is were purchased from Collaborative Research, Waltham, Mass. The oligonucleotide (rU)29 was provided by Dr. S. Pestka (Roche Institute of Molecular Biology); it was prepared by treatment of poly(rU) with pork-liver nuclease (obtained from Dr. Leon Heppel) and subsequent chromatography on a Sephadex column. The average chain length of this oligonucleotide preparation, as determined by the ratio of terminal phosphate to total phosphate content, was 29. Oligodeoxynucleotides were annealed (10) to homopolymers at a proportion of three parts of oligodeoxynucleotide to seven parts by weight of homopolymer. Activated salmon-sperm DNA and activated HeLa DNA were prepared by treatment of the DNA with pancreatic DNase (11) .
Growth of Cells. HeLa S-3 cells were grown in suspension cultures at 37°C in F-13 medium (Gibco) supplemented with 5%/0 fetal-calf serum (Gibco), and were harvested as reported (12) .
Preparation of Enzyme Fractions. Cell extracts were prepared by a modification of the procedure described by Berkowitz (13) . Frozen HeLa cells were suspended in 20 ml of 10 mM NaCI-1 mM KPO4 (pH 6.8)/g of cells and were broken directly in this buffer with a Dounce homogenizer to obtain nuclei and cytoplasm. The nuclei were separated from the cytoplasm by centrifugation (10 min at 1000 X g); the nuclear pellet was resuspended in Table 2. sorbed onto a phosphocellulose column which had been equilibrated with 0.02 l\I KPO4 (pH 8.9)-0.5 mM dithiothreitol, at a ratio of 3-5 mg of protein/g of phosphocellulose.
The column was washed with one column volume of the same buffer and eluted with 10 column volumes of a linear gradient from 0.02 to 0.60 M KPO4 (pH 8.9) in 0.5 ml\I dithiothreitol.
Preparation of HeLa Cell DNA-Dependent DNA Polymerases. These enzymes were isolated and partially purified, through the phosphocellulose column chromatography step (12), before use.
RESULTS
In the presence of Mn++ and 0.12 M KCl, crude HeLa cell extracts can copy the ribo strand of (dT)12 poly(rA) and polymerize thymidylic acid. This activity is found distributed in the cytoplasm, nucleus, and in a wash fraction of the crude nuclei (Table 1) . If the Triton wash of the nuclei, or the cytoplasm itself, is chromatographed on DEAE-cellulose, a pattern of enymatic activity shown in Fig. 1 is obtained. A main peak of DNA polymerase activity [with (dT)2. poly-(rA) as a template] elutes at about 0.1 M KPO4, and always contains a shoulder of activity eluting at a sightly higher salt concentration. The main peak (Fractions 26-29 of Fig. 1 ), hereafter designated R-DNA polymerase I, and the minor peak (Fractions 30-32 of Fig. 1 ), which we call R-DNA polymerase II, were separated and individually chromatographed on phosphocellulose (Fig. 2) . On phosphocellulose, R-DNA polymerase I elutes as a single peak at about 0.2 M KPO4. The main peak of R-DNA polymerase II elutes at about 0.15 l\ KPO4. These results are obtained with either the cytoplasm or nuclear wash as the source of enzyme. Table 1 summarizes the partial purification of RNA polymerases I and II when the nuclear wash is used as a starting material for further purification on DEAE-cellulose and phosphocellulose.
The requirements for maximal activity of these partially purified phosphocellulose fractions to copy the ribo strand of (dT)12. poly(rA) is shown in II) were placed on a phosphocellulose column. 3-ml Fractions were collected and 50-Wl aliquots were assayed for activity with (dT)12 -poly(rA) as primer, under the conditions described in Table 2 Table 2 , it is not possible to make a clear distinction between R-DNA polymerase I and R-DNA (12) . The DNA-dependent DNA polymerase found in the cytoplasm closely resembles the nuclear D-DNA polymerase II by most of the criteria studied (11, 12) . It is included in the studies below for comparison. The outstanding difference between the two classes of DNA polymerases (either synthetic RNA-or DNA-dependent) lies in their ability to use individual synthetic primer templates. This difference is shown in Table 3 in which it can be seen that the R-DNA polymerases of Hela cells use (dT)12 poly(rA) and (rU)29 poly(rA) with high efficiency for thymidylic acid polymerization. The D-DNA polymerases cannot use these molecules, which contain a poly(ribo A)strand. When the rA strand in such a template is replaced by a dA strand [i.e., (dT)12 poly(dA)] the R-DNA polymerases become almost inactive, whereas nuclear DNA-dependent DNA polymerase shows good utilization of this template. Similarly, poly(dT) poly(rA) is a good primer template only for the R-DNA polymerases, which exclusively copy the poly(rA) strand. Copying of the poly(dT) strand (i.e., polymerization of deoxyadenylic acid), is not observed with these enzymes. Activated DNA, made by introduction of 3'OH ends into native DNA with pancreatic DNase I, is used well by both the synthetic RNA-and DNA-dependent DNA polymerases. Single-stranded or untreated double-stranded DNAs are very poor templates for these enzymes, being copied at a rate of only a few percent that of the activated DNA. Neither poly(rA) * poly(rU) nor poly(rA) is used by the synthetic RNAdependent-DNA polymerases. Substitution of poly(rU) by oligomers such as (rU)29 (Table 3) or UgG (not shown in Table 3 ) permits the poly(rA) strand to be an excellent template only for the synthetic RNA-dependent DNA polymerases. Though not shown in Table 3 , the HeLa cell synthetic RNA-dependent DNA polymerases do not show significant activity with HeLa nuclear RNA, QB RNA, or the replicative form of poliovirus RNA as templates in our assay.
In Table 3 , the DNA-dependent DNA polymerase activities were assayed under conditions that are optimal for the R-DNA polymerases, (Mn++, 300C, KQl). When assayed under conditions that are optimal for the DNA-dependent DNA polymerase activity (Mg++, no salt, 3700) (12) , they again showed no activity with (dT)12 poly(rA). It is worth noting in Table 3 that neither poly(rA) nor (dT)12 can act as primer templates in the absence of each other. This finding implies that duplex structure formed by base-pairing of the primer (dT)12 and template poly(rA) is necessary Assays were performed as described in for the R-DNA polymerase activity, as reported by Baltimore and Smoler (14) for the tumor-virus enzymes.
DISCUSSION
Several groups of investigators claimed to have detected RNAdependent DNA polymerase activity in eukaryotic cells. However, the criteria used to differentiate RNA-dependent DNA polymerases from DNA-dependent DNA polymerases in these earlier studies have been questioned (9) . Furthermore, previous reports concerned either crude extracts from cells or crude enzyme preparations that undoubtedly contained DNAdependent DNA polymerases whose properties were unknown. We felt that a more definitive answer to the problem could be given by characterization of more-purified enzyme preparations. In this study we have purified the synthetic RNA-dependent DNA polymerase activity about 500-fold from crude extracts of HeLa cells. The DNA-dependent DNA polymerases of HeLa cells have been similarly purified (12) . The purified synthetic RNA-dependent DNA polymerase activity can be distinguished from the DNA-dependent DNA polymerases of HeLa cells by the following criteria:
(a) The R-DNA polymerases of the HeLa cell can efficiently copy the ribo strand of either (dT)12 poly(rA), poly-(dT)-poly(rA), or (rU)29 poly(rA) to polymerize thymidylic acid, whereas the DNA-dependent DNA polymerases are unable to use these primer templates. Replacement of the poly(rA) strand of (dT)12 poly(rA) with poly(dA), [i.e., (dT)12-poly(dA) ], causes a drastic drop in its template ability for the R-DNA polymerases, whereas one of the DNA-dependent polymerases (nuclear 1) shows good activity with this template. It is important to note that, as shown in Table 3 , the R-DNA polymerases require the presence of a primer molecule in order to copy a polyribo strand. The primer molecule can be either an oligoribonucleotide or oligodeoxyribonucleotide, which can presumably form a duplex structure with the template strand and supply a 3'OH terminus for chain elongation, as has been reported necessary for the reading of RNA by the tumor-virus enzymes (15) .
(b) Under our conditions, the synthetic RNA-dependent DNA polymerases elute from DEAE-cellulose at 0.1 M KPO4, a concentration at which the known DNA-dependent DNA polymerases are not found, since, as we previously reported, nuclear D-DNA polymerase I does not adsorb to DEAEcellulose and nuclear D-DNA polymerase II or cytoplasmic D-DNA polymerase eluted from DEAE-cellulose at a concentration of 0.2 M KPO4 (12) . A DNA polymerase obtained from HeLa cell mitochondria, which also elutes from DEAEcellulose at 0.1 M KPO4, cannot use (dT)12 poly(rA) as a template and clearly resembles the other DNA-dependent DNA polymerases in all its characteristics (unpublished results).
(c) The conditions for optimal activity (Mn++, KC1, 300C) for the HeLa cell R-DNA polymerases are clearly different from the optimal conditions for the HeLa cell D-PNA polymerases (Mg++, no salt, 3700) (12) .
Though this report deals with the HeLa cell synthetic RNAdependent DNA polymerases, we might mention that we have found and partially purified, in a similar manner, the same enzymatic activity in WI-38 cells, a cultured human diploid fibroblast. Thus, the R-DNA polymerases are not unique to human cell lines that originally stem from a cancerous tissue, such as HeLa, but are also found in nontransformed cultured cells from humans. Since the enzyme from WI-38 cells has not been fully characterized, it is still possible that some differences between the HeIa and WI-38 enzymes will be found.
The synthetic RNA-dependent DNA polymerase activity does not appear to result from mycoplasma contamination, since we have observed these enzymatic activities in HeLa cells shown to be devoid of mycoplasma by the Todaro technique (16) and by incubation in mycoplasma broth (17) . Examination of several other types of cells has revealed that murine L 929 cells and ascites tumor cells also possess large amounts of an R-DNA polymerase activity that can copy the ribo strand of (dT)12 poly(rA). Normal rat liver contains little, if any, of this type of DNA polymerase when assayed under these conditions.
Our preliminary studies have shown that the synthetic RNA-dependent DNA polymerase activity found in the nuclei of the HeLa cell is similar to the enzymes reported herein that were isolated from a Triton wash of the nuclei or the cytoplasm. Since breakage of the cells could lead to an artificial distribution of the enzyme in various cell fractions, the true intracellular location of the enzyme is still in question. The role of these RNA-dependent DNA polymerases found in mammalian cells remains to be clarified. Their relative inability to use natural RNA as templates under our assay conditions is not understood.
